Rhizobium strains which induce ineffective nodules are found in natural bacterial populations and have also been generated in the laboratory by various mutagenizing agents. The use of such strains to study the bacterial contribution to the symbiotic process has elucidated a number of steps in nodule morphogenesis which can be affected by lesions in bacterial genes. These include: meristem development and infection thread formation (19) ; release of bacteria from infection threads (19, 26) ; differentiation of bacteroids (19, 20) ; and premature bacteroid senescence or breakdown of the surrounding peribacteroid membrane (2, 11, 16, 32) . Although considerable data have been obtained from such investigations, few correlations between welldefined genetic loci and altered symbiotic phenotypes have been made. Recently, we have investigated nodulation-defective mutants of Rhizobium meliloti (5) in which the mutations were generated randomly by transposon Tn5 insertional inactivation (13) . The advantages of transposon mutagenesis are that strains carrying a single TnS-induced lesion can be readily generated and identified and that these lesions can be mapped easily. Initially, this random Tn5 mutagenesis procedure is useful to identify regions of the R. meliloti genome at which symbiotic gene(s) are located. On the other hand, the random mutagenesis method is very tedious, requiring thousands of independent plant tests, and cannot be used easily to generate a set of closely spaced mutations.
To overcome the difficulty of obtaining a set of linked Tn5 mutations by using a random mutagenesis procedure, we also developed a site-directed Tn5 mutagenesis procedure for the fine-scale genetic analysis of cloned R. meliloti restriction fragments (23) . This procedure is particularly useful when a DNA fragment has already been identified as carrying genes of interest and more detailed information on the number and precise location of these genes is desired. For example, Ruvkun et al. (24) determined the positions of the R. meliloti nifH, nijfD, and nifK genes on cloned restriction fragments and demonstrated that the three genes are located in an operon which is transcribed in the direction nifH to nifK (Fig. 1) .
In this paper, we report on the ultrastructural analysis of defective nodules formed by R. meliloti strains carrying Tn5 insertions in the nitrogenase structural genes. This is the first time that structural studies of this type have been conducted on defective nodules formed by Rhizobium strains carrying such well-defined genetic lesions. The major finding in this study is that mutations in any of the three nitrogenase genes result in specific structural abnormalities which are correlated with the 
MATERIALS AND METHODS
Bacterial strains. R. meliloti 1021 is a symbiotically effective, streptomycin-resistant derivative of strain SU47 and is the parent strain used to obtain symbiotic mutants (13) . TnS mutations in the R. meliloti nif region were constructed in our laboratory by mutagenesis of cloned R. meliloti nif sequences in Escherichia coli, followed by replacement of the wild-type nif region of R. meliloti with each resulting nif::Tn5 fragment (23, 24) .
Plant material. Seedlings of alfalfa (Medicago sativa L. "Iroquois") were sprouted on nitrogen-free agar slants in test tubes (18 by 150 mm) and subsequently inoculated and grown under controlled conditions (13) .
Light and electron microscopy. Nodules 3 to 4 weeks old were fixed in 3.5% glutaraldehyde-1% paraformaldehyde in either 0.025 M or 0.05 M cacodylate buffer (pH 7.4) at room temperature for 4 to 6 h. After fixation, nodules were either left intact for light (LM) and transmission electron microscopy (TEM) or cut in half longitudinally for scanning electron microscopy (SEM). After two rinses in the appropriate concentration of cacodylate buffer, the nodules were postfixed in 1% aqueous OS04 at 0°C for 2 to 3 h. After two rinses in cold distilled water, the samples were dehydrated in a graded acetone series. LM and TEM samples were embedded in either Spurr low-viscosity embedding medium (Polysciences, Inc., Warrington, Pa.) or Quetol 651 (Ted Pella Co., Tustin, Calif.). SEM samples were transferred from 100% acetone to a critical-point drying chamber, critical-point dried, mounted on stubs, and coated with gold-palladium.
Further preparation of sections and samples for viewing was like that described by Hirsch et al. (5) .
Stereological analysis. To determine significant differences in cytoplasmic volume density of rough endoplasmic reticulum (RER), Golgi bodies, and bacteroids, a stereological analysis was performed. A stereological analysis of mitochondrial volume density was not done because mitochondria are found mainly in the peripheral nodule cell cytoplasm. Silver sections stained with uranyl acetate and lead citrate were mounted on 300-mesh copper grids. Each grid was scanned beginning in the upper left corner, and the first seven plant cells containing mature bacteroids were photographed at a magnification of 4,900. Mature bacteroids were recognized as those having a heterogeneous cytoplasm with electron-dense and electrontransparent regions (see Fig. 3 ). Nodule cells containing such bacteroids are found in the proximal part of the late symbiotic zone (arrow, Fig. 2 ). Nodules were randomly selected, and three nodules from each group were examined. A total of 21 photographs from each group were enlarged to a final 8-by-10-in. print size (x14,700). These photographs were analyzed by the procedure of Smith et al. (25) , which follows the methodology of Weibel (31) .
The test system for the stereological analysis consisted of a transparent acetate sheet imprinted with a 0.25-in. (ca. 6.35-mm) grid. The grid was positioned over the nodule cell cytoplasm. Only a portion rather than the entire host cell was included on each photograph, so only the selected portion of the nodule cytoplasm was analyzed stereologically. By using the intersections of the grid lines as reference points, each point falling over the nodule cell cytoplasm was counted as well as those points positioned over RER, Golgi bodies, and bacteroids. The number of test points for each organelle or bacteroid "hit" was tallied, as were the total number of cytoplasmic hits. These data were analyzed using Student's t test as described by Smith et al. (25) .
RESULTS
Wild-type nodules. Alfalfa nodules are elongate and cylindrical and have a distinct apical meristem located at the distal end (Fig. 2) . Fig. 5 ). Single arrow points to the proximal part of the late symbiotic zone (cf. Fig. 3 ). x100; bar, 100 ,um. In the infection thread and just after release in to the host cell, the cells of R. meliloti were approximately 1.0 to 1.5 ,um long. Poly-p-hydroxybutyrate inclusions were found in the bacterial cytoplasm. In the late symbiotic zone of the nodule, the mature bacteroids increased significantly in size (3 to 8 ,um long) and lost their poly-,-hydroxybutyrate granules. In addition, they had proliferated to the extent that most of the host cytoplasm was occupied by elongate bacteroids (Fig. 3 , Table 1 ).
In healthy wild-type-induced nodules, few large starch grains were observed. Proplastids and small amyloplasts were found along the host cell walls (Fig. 3) . The amyloplasts were found frequently near an intercellular space. The host cytoplasm was homogeneous and very electron dense and contained numerous polysomes. Occasional profiles of RER as well as variously sized vesicles were present in the nodules examined (Fig. 3 , Table 1 ). Like the amyloplasts, the mitochondria were displaced to the host cell periphery. Generally, the mitochondrial cristae were narrow and the mitochondria were elongated in infected host cells, whereas in uninfected cells the cristae of the smaller, rounded mitochondria often appeared hypertrophied (Fig. 4) . The latter appearance of mitochondria was also characteristic of host cells which had been recently infected and where the bacteroids had not fully elongated (Fig. 5 ). The center of the host cell was frequently occupied by a large vacuole (Fig. 2) .
Younger elongate bacteroids exhibited a relatively homogeneous cytoplasm with bacterial ribosomes evenly dispersed (Fig. 5 ). These bacteroids were found in that part of the late symbiotic zone which is in the distal part of the nodule (double arrow, Fig. 2 ). All released bacteroids were surrounded by a host-derived peribacteroid membrane (arrow, Fig. 3 ). In mature bacteroids (more proximal part of the late symbiotic zone), the cytoplasm exhibited greater heterogeneity (Fig. 3 ). This appeared to be the result of condensation of nucleic acid material.
Another difference between nodule cells containing young versus mature bacteroids is that older cells had less RER present in the cytoplasm (cf. Fig. 3 was also a decrease in the number of Golgi bodies in older nodule cells compared to the younger cells (data not shown).
In addition to long rods, pear-shaped and Yshaped bacteroids were found. The inner membrane of the wild-type strain used in this study was smooth and lacked the vesicle-like invaginations found in R. meliloti Dangeard bacteroids by Tu (27) .
R. meliloti containing nif::Tn5 insertions. A total of 31 Tn5 insertions in the R. meliloti genome distributed over approximately 13 kilobases (kb) have been constructed within and adjacent to the nitrogenase genes by Ruvkun et al. (24) . Twelve of these are located in a 6.3-kb region of the R. meliloti genome which contains the nitrogenase structural genes (niflDK). Seven insertions are in an adjacent 1.6-kb region which does not appear to be required for symbiotic nitrogen fixation. We have investigated six of the TnS insertions in the nifHDK genes and one in the 1.6-kb adjacent region in detail for their effect on nodule development (Fig. 1) .
Strain 1431 (TnS insertion is in the 1. (Fig. 8) .
At the ultrastructural level, however, some differences were observed. In the cytoplasm of infected host cells, the mitochondrial cristae appeared swollen and distended, unlike those of host cells containing the wild-type strain (Fig.  7) . Moreover, the host cell cytoplasm was more heterogeneous and not as electron dense (Fig.  7) . Like wild-type nodules, strain 1431-induced nodule cells contained few RER and Golgi body profiles ( Table 1) . Bacteroids of strain 1431 were also similar in ultrastructure to wild-type ones, except that vesicle-like invaginations of the inner membrane (arrow, Fig. 9 ) were observed more frequently than in wild-type nodules. An unexpected difference from wild type was the lower volume of bacteroids present in the host cell cytoplasm (Table 1) . Wild-type bacteroids occupied approximately 63% of the cell cytoplasm, whereas strain 1431 bacteroids were found at a significantly reduced level (46%).
Strains 1471 and 1491. Strains containing transposon insertions in the nifH gene induced nodules resembling wild type but often smaller ( Fig.  10 and 11) . The nodules usually were pink and were found on both primary and secondary roots. The cellular zonation found in Fix' nodules was also present in young nodules containing strain 1491 when the nodules were young. Older nodules, however, were almost completely senescent. A larger senescent zone was observed in strain 1471-induced nodules (Fig. 11) .
In the mature bacteroid zone, several structural features similar to those described for wildtype nodules were observed. The bacteroids were elongated, and very few starch grains were contained within host cells (Fig. 15) . Older senescent nodules contained more starch. The host cell cytoplasm, in contrast to mature wildtype-infected nodule cells, contained numerous polysomes and RER profiles (Fig. 14, Table 1 ). In addition, host cell mitochondria resembled those in strain 1431-induced nodules rather than in nodule cells induced by wild type; the mitochondria had distended cristae (Fig. 14) .
An ultrastructural feature distinctive to strain 1491 and 1471 bacteroids was the presence of a very compact, electron-dense body within the cytoplasm (Fig. 15) . This inclusion may represent an even more compact aggregation of the electron-dense material, presumably DNA, observed in wild-type bacteroids (cf. Fig. 3 ). The majority of the strain 1491-infected nodules examined exhibited these characteristic electrondense inclusions in mature bacteroids. That the dark deposit is a developmental consequence of bacteroid maturation is suggested by Fig. 12  through 15 . Figure 12 represents the early-late symbiotic transition zone where the bacteroids are beginning to elongate. Some heterogeneity was seen in the cytoplasm, but this was lost upon further elongation of the bacterial cells (Fig. 13) . In a more mature area of the late symbiotic zone, the bacteroids had elongated significantly and distinctions were observed in the consistency of the cytoplasm (Fig. 14) . Unlike strain 1431 bacteroids, no vesicle-like structures were found protruding into the cytoplasm from the plasma membrane, but like strain 1431-containing nodule cells, the percentage of cytoplasmic volume occupied by mature bacteroids was significantly reduced from wild type ( Table  1) .
Further growth of the bacteroid resulted in a significant volume change as the diameter increased from 0.6 ,um to 1.2 ,um (cf. Fig. 12 and  15 ). Like wild type, some strain 1491 bacteroids were Y-shaped.
Strains 1318 and 1312. Nodules induced by strains 1318 and 1312 contained elongate bacteroids ( Fig. 16 and 17 ), but the late symbiotic zone was not as extensive as it was in comparable wild-type-induced nodules. Starch grains were more commonly observed in nodules with insertions in nifD than in nifH.
At the ultrastructural level, infected cells of the late symbiotic zone resembled those of a comparable developmental stage in nodules induced by strain 1491 (Fig. 18 and 19) . A greater number of RER profiles was apparent as well as Golgi bodies, but not at the same significantly increased levels as found in strain 1491-induced nodules. The more senescent host cell cytoplasm in 1318 and 1312 nodules may in part account for this difference. Also, the mitochondria resembled those found in strain 1491-induced nodules. In contrast, bacteroids of strain 1312 from the late symbiotic-senescent transition zone lacked the compact, electron-dense deposit contained in strain 1491 bacteroids (cf. Fig. 15 and 19) . Moreover, greater numbers of degenerate bacteroids were found in the host cell cytoplasm (arrows, Fig. 18 ). phology. Elongate bacteroids were not found as frequently in these nodules, presumably because of the limited development of the late symbiotic zone ( Fig. 20 and 21) . Moreover, the host cells were packed with starch grains which lined the cell periphery (Fig. 22) and often obscured the bacteroids in SEM views (Fig. 23) .
Fine-structural characteristics of the host cell cytoplasm were similar to those described previously for other Nif nodules. Mitochondria were electron dense and had altered cristae (Fig.  22) . Like other nif mutants, there was considerable RER, but not at the levels found in strain 1491-induced nodules (Table 1) . Golgi membranes, however, were found in significantly increasing numbers compared to wild-type cells (Table 1) . Occurring even more frequently in strain 1308-induced nodules than in the others were degenerative bacteroids ( Fig. 24; arrows) among the otherwise normal-appearing ones. This feature is probably a consequence of the rapid bacteroid senescence observed in these nodules.
DISCUSSION
The goal of the study described in this paper was to analyze the structural phenotypes of symbiotically defective alfalfa nodules induced by R profiles in nodule cells, although statistical analysis of the stereological data did not show these to be significantly different (at the 0.05 confidence level) from wild type in all cases. Both strain 1312 (nifD-)-and strain 1308 (nifK-)-infected nodules exhibited higher percentages of cytoplasmic volume of RER per cell than wildtype nodules cells, but these were not significantly different at P = <0.05. This may be in part due to the fact that the nifDK-nodules are more likely to be senescent and thus there is greater variability in the integrity of the host cell cytoplasm. Such variability leads to larger standard errors which can influence the statistical significance at a particular level of confidence. That Golgi membranes in strain 1308-containing cells are significantly different from wild type at P = <0.05 is suggestive of this.
Mackenzie and Jordan (11) reported a similar observation for alfalfa nodules induced by either viomycin-or tuberactinomycin-resistant mutants of R. meliloti. They found few RER profiles in effective tissues. These data are corroborated by our findings. In addition, we observed greater numbers of RER and Golgi membranes in younger tissues of effective nodules (bacteroids not fully elongated), and these levels are similar to those found in ineffective nodule cells (see Fig. 5 ). Similar findings for cells of the early symbiotic zone were reported by Robertson et al. (22) and Newcomb and McIntyre (15) . Fusion of RER and Golgi vesicles with the peribacteroid membrane was postulated to account for the increase in membrane surface brought about by bacterial division (14) .
There are several explanations to account for the increase in RER and Golgi profiles in effective nodule cells. One possibility, similar to that proposed by Mackenzie and Jordan (11) , is that the cellular responses observed in ineffective nodules reflect the plant's response to nitrogen starvation. In addition to an increase in RER, Mackenzie and Jordan (11) observed abnormally large numbers of mitochondria in ineffective nodule cells. Generally, elevated numbers of mitochondria are indicative of increased plant metabolic activity. Although we did not make stereological measurements of mitochondria due to their nonrandom location in nodule cells, we observed that mitochondrial cristae were hypertrophied in ineffective nodules and that the mitochondria were generally more electron dense. This ultrastructural alteration has been noted previously as a response to certain types of stress (6) .
The increased metabolic activity suggested by greater numbers of RER and Golgi membranes may be a consequence of the nodule cell synthesizing various lytic enzymes to break down the endophyte for nitrogenous compounds. Elevated levels of RER and Golgi membranes are also observed in young nodule cells in effective nodules in which the bacteroids are not fully mature and where there may be possible nitrogen stress. However, as the nodule develops and bacteroids eventually begin to fix nitrogen, nitrogen stress is alleviated, with a concomitant decrease in the amount of RER and Golgi membranes. In ineffective nodules, however, nitrogen starvation becomes more pronounced as the stored nitrogen in the seed is utilized. Lysis of rhizobia and host cell progress so that eventually the entire nodule senesces.
A second possibility to explain the elevated levels of RER and Golgi membranes is that the increased metabolic activity seen in young effective and ineffective nodule cells reflects the production of "nodule-specific" host proteins ("nodulins") (10). Nodule-specific RNA has been shown to increase in concentration during nodule development. Over 90% hybridization occurred between nodule-specific cDNA and 9-day-old nodule RNA (1), indicating that nodulespecific sequences arise before nitrogenase expression, which occurs in 10-or 11-day-old soybean nodules (29, 30) . Moreover, ineffective nodules induced by Rhizobium japonicum strains SM5 and 61A24 exhibited the same nodule-specific sequences, although at reduced levels (1). Strain SM5 is reported to have a lesion in the gene that specifies nitrogenase component II (12) . It is possible that the increase in RER and Similar increases in endomembrane profiles were observed in soybean and pea nodules by Kijne and Planque (9) . RER levels and activity as well as Golgi body production increased upon release of rhizobia into host cells. Vesicles derived from these organelles were found fusing with the peribacteroid membrane. Kijne and Planque (9) Fig. 16, 17 and 20, 21 ). On the other hand, nifH mutant-induced nodules, at a comparable age, did not exhibit the same degree of meristem loss but rather exhibited a meristematic and early symbiotic zone comparable in size to that of wild-type-and strain 1431-infected nodules (Fig. 2, 6 and 10, 11) . Like effective nodules, elongate bacteroids of nifH mutants were found 500 to 600 ,um from the nodule meristem. Moreover, few starch grains were present in host cells of these nodules, which is surprising because starch accumulation is considered diagnostic of ineffective nodules (17) .
The greater degree of senescence observed in nifDK mutant nodules also explains the significant decrease in bacteroid volume in host cells (see Table 1 ). Chen and Thornton (3) (18) . These authors suggested that the dark deposits were of polyphosphate. Our preliminary attempts to identify the deposits as DNA by using the osmium-ammine technique of Derezini et al. (4) were unsuccessful. Another possibility is that the electron-dense bodies represent deposits of iron which accumulate because of the lack of both the Fe and MoFe proteins in nifH::Tn5 mutants. We plan to use other histochemical tests at the electron microscope level to determine the composition of these dark bodies.
